Biomimetic product development builds a bridge between the scientific disciplines engineering and biology and represents a cross-disciplinary knowledge circulation, which can produce highly innovative advancements in technology. The methodological support for such projects was initiated by the VDI guideline 6220 by 2012 [1] and still requires further research. The method presented in this abstract tries to provide a significant contribution to the successful transfer of knowledge across disciplines, to convey innovative solutions from biology to technology. The central idea of the method called HELI-ACT (an acronym of Helix and Action) described here is based on the system-theoretical analysis of the action and the action carrier, the action circle and the action line under the relevant aspects of the socio-technical integration of methods and tools that will support the action carrier in the biomimetic development process. As a cross-common "language" general systems theory is used, which also includes the mathematical modeling system for both action as well as for object systems, which allows a computer-assisted method implementation. For the association of specialized terminology of the disciplines involved in the cross-disciplinary communication a semantic network is used to derive a translation tool in the Ontology World Language (OWL). Practical application experiences from a current project are presented, which describes the tribological optimization of a technical joint by awareness from the analysis of insects joints.
INTRODUCTION
Biomimetic product developments make high demands on the transfer of knowledge between the participating disciplines of biology and engineering. For the collaboration of disciplinary experts a methodological, systematic and information integrative framework have to be found, to decrypt, not copy, innovative problem solutions from nature. The authors intend with the proposed method a sustainable contribution to the success of cross-disciplinary collaborations, in particular in the field of biomimetic product development. This approach should provide a guideline for a technology-driven optimization due to tribological considerations by inspirations in nature, which shall cause product innovations. The results of that research lead to an improvement of the cross-disciplinary science in the field of the product development process and methodology through an holistic approach. Biomimetic is to be established not only as a technique of creativity, but as a scientific discipline. By the successful application of general systems theory, a method approach for transferring a biological solution principle to a technical question (technology-pull, cf. VDI guideline 6220 [1] ) is derived and established as a bottom-up process to facilitate the cross-disciplinary knowledge transfer to an invention as part of biomimetic research. Insects are initially considered as region of interest for inspiration. By using ontology the authors make an important and far-reaching contribution to the cross-disciplinary communication, which can be implemented in addition to general systems theory as a computer-based methodological tool for product development. Copyright c 2013 by ASME
A GROWING NEED FOR CROSS-DISCIPLINARY METHODOLOGY
To produce new and innovative product ideas, it requires a multi-dimensional view of the problem beyond individual disciplines today. The cross-disciplinarity which forms particularly biomimetic research holds the potential for radical, new innovations and sustainable products and technologies. "The development of structures and methods for the cross-disciplinary work required in the field of biomimetics has only been rudimentary to date and needs further rigorous development" as the conclusion of the VDI guideline 6220 [1] points clearly out (problem A). Problem-oriented cross-disciplinarity faces many methodological challenges, the framing of the problem at the very beginning to the various transfer and translation procedures to the final outcome as Schmidt [2] shows (problem B). In the field of crossdisciplinary science the unanimous opinion prevails that successful cross-disciplinary collaboration depends significantly on the applied, communicated language which transports knowledge (problem C). "In technology the quality of knowledge means the practical success of a technical solution and approval by the engineering and industrial practice. It replaces truth by success" as Ropohl [3] points out. The crucial question of the conditions for the possibility of cross-disciplinary methodologies is that of the language. Languages would thus dominate the intellectual worlds, problem correlations and constructions of reality (see Pohl and Hirsch Hadorn [4] ). Requirements for crossdisciplinary research approaches lie in the appropriate "translation" of not only individual words, but also the semantics and the associated world constructions as Wille [5] shows. To deal with these problems A-C of cross-disciplinary methodologies the following sections 3 and 4 will show the means of possible solutions.
GENERAL SYSTEMS THEORY
For facing the first problem A of missing cross-disciplinary methodologies the general systems theory is introduced, which claims to be not limited to a particular academic discipline, but also to have multidisciplinary integration potential (cf. Ropohl [6] ). The roots of modern systems theory go back amongst others to the general systems theory by L. von Bertalanffy [7] , who in addressing fundamental questions in biology derived its system concept. This model of thinking is not only limited to artifacts of individual scientific disciplines, but also applies to the interaction of the sciences themselves. Just the impetus from the biological science makes the general systems theory under this holistic fundamental idea to a promising tool for knowledge circulation in biomimetic product development. Among other crucial development nuclei of today's systems approach (e.g. cybernetics by Wiener [8] ), the influence of modern mathematics can be referenced by its structural thinking (algebra of sets). The basic idea of the general systems theory realizes the difference between the whole and the multiplicity (Aristotle [9] : "holon" and "pan") by a set of elements and a set of relations. Therefore a system ∑ (see Eq. (1)) can be understood as a model that is characterized by a quadruple, an ordered digit mathematical expression defined by sets (see Ropohl [3] ).
The set of attributes is described by α, the number of functions with ϕ, the set of parts with κ and the set of relations with π. Now these current definitions are explained in the consideration of the three different interpretations of the system: functional, structural and hierarchical. In the field of product development methodology the functional system concept is well established as a black-box model (cf. Pahl et al. [10] ) and supports the general procedure for the development and design by functional structures, see VDI guideline 2221 [11] . The detachment from concrete material design implementations and the description of the system properties by input X, output Y , and state variables Z focuses viewing on the behavior of a multiplicity in their environment, without questioning the internal construction of the system directly. This statement defined Ropohl [3] in the set algebra as relational structures as Eq. (3) shows:
with α = {a j} and ϕ = { f q} ; f q ⊂ ×a j; j and q = 1 . . . n.
The function system ∑ F is defined by the attributes a j and functions f q between these attributes, i.e., a function f q is a relation over attributes a j of the attribute set α (cf. Ropohl [12] ). These attributes can be characterized further by categories matter, energy, information and occur in space and time and is represented in Eq. (3) for the state attribute set Z as example (see Ropohl [3] ):
With respect to this subset of the attributes different types of functions can be defined, which are summarized in Table 1 . The basic idea that "the whole is characterized not only by its parts, but by the relations between the parts as well" (Ropohl [13] ), which follows the approach that various types of system properties can be described solely by the number of different relationships between the set of elements. In the language of set algebra the structure of this system ∑ S can be described in Eq. (4) (cf. Ropohl [3] ):
with κ = {k j} and π = {pq} ; pq ⊂ ×k j; j and q = 1 . . . n. The structure of the system ∑ S is determined by the parts k j and their relations pq to each other. A specific form of the relationship is such as coupling pc or feedback loop p f . By the hierarchical system concept, the fact is considered that each system represents on one hand a part of a super-system (macro level), but also the parts of this system are identified as subsystems (micro level). This gradual breakdown supports both ways of acquiring knowledge, the profound depth analysis as well as the coarser resolution of context. This hierarchical system concept can be expressed in terms of set algebra (see Ropohl [3] ).
Equation (5) describes the system ∑ as part k j + of a super system ∑ + . Equation (6) shows that the part k j of a system ∑ can be described as a subsystem ∑ . Consequentially, taking equation 1 into account follows for the Eq. (7) of system hierarchy ∑ H (cf. Ropohl [3] ). Figure 1 shows the definitions in their context. If all three system concepts (functional, structural and hierarchical) are described holistically, you can consider a complete system model. "There is a large variety of possible systems, and each type of system will be treated by specific mathematical procedures. All those specialized system theories, however, have their common grounds in the overall definitions given above. Even on this most general level, there exist a few basic laws:
1. The system is more than the set of its elements (because, above all, the set of relations determines the very character of the system).
2. The structure of the system determines its function.
3. The function of the system may be produced by different structures (principle of equifunctionality). 4. The system cannot be described completely on just one level of hierarchy (principle of excluded reductionsm)." As Ropohl [13] shows.
But what does this modeling effort? General systems theory is used mainly as an information tool that brings the diverse perspectives of technology to a common denominator (cf. Ropohl [6] , p. 83).
FIGURE 1. Definitions for systems (cf. Ropohl [3])

THE TECHNICAL OBJECT SYSTEM
In the next step, the presented system concepts are initially transferred to technical objects, which can be characterized and classified in terms of function, structure and hierarchy based on the generality of the system modeling idea in principle. Many definitions of functions and structures of the object systems do not present new findings in the field of product development, because they belong to the current practice, such as VDI guideline 2221 [11] shows. But they must be briefly mentioned in order to position the general systems theory in this field as a description tool. Analogous to Eq. (1) the quadruple for object systems can be assumed to be in Eq. (8) (cf. Ropohl [3] ):
The set of attributes AT , the set of functions FT , the number of parts KT and the amount of relations PT thus define a general object system ST , insofar as they constitute appropriate technical phenomena (cf. Ropohl [3] , p. 319). From the structural perspective of system concept, the system is defined in Eq. (9) by 3 Copyright c 2013 by ASME material, energetic and informational couplings as well as spatial and temporal relations (see Ropohl [3] ).
The object system is defined hierarchically in terms of set algebra in Eq. (10) (cf. Ropohl [3] ):
This cross-disciplinary perspective of systems allows, for example, to describe the tribological system of a joint at an abstract level. Here by the functional, structural and hierarchical system concept determine holisticly all the critical parameters, the relations of the subsystems with each other and the necessary scientific depth of the joint object system for new studies on insects joints but also existing technical systems and make them comparable. But this system thinking for object systems is well known. How learns this approach a further development? It now should be stressed the insight that the technology should not only be understood as the ensemble of artificially made objects, but including especially human action that produces these items and apply them (cf. Ropohl [3] , p. 90).
THE ACTION SYSTEM
Building on the introduction of the general systems theory, the action is now a central feature of any development process and is modeled by the concepts of systems theory. Focus is on the socio-technical integration of the HELI-ACT method in the foreground. The model of a socio-technical system defines an action system that relies both on human and technical function carriers. That socio-technical division of work is based on the third law of systems (principle of equifunctionality, cf. Ropohl [13] ). That approach helps to face the second problem B of cross-disciplinary methodologies. First, the technical and social action is distinguished, which can be characterized by the words "work and production" and "interaction and communication" closer. However, a system of action generally designates an action carrier who can act, both technically and socially, because in today's environment of a development task there is usually no distinction between the technical and social action by the division of labor (e.g. simultaneous engineering in Pahl et. al. [10] ) and it has got a crucial impact particularly for cross-disciplinary cooperation. The system concepts are applied according to the system-theoretic modeling and lead to the following expression of set algebra in Eq. (11) (cf. Ropohl [3] ):
with
The action system G is represented by its system parts k j as elements of an action carrier K and its functions f q as elements of acts F. The set A of attributes is defined by the sub-sets X (input), Y (output) and Z (state). The relations P describe the relationships between the elements of an action carrier K. From hierarchical perspective the human action system is divided in the levels society G (macro) organization G (meso) and individual G (microsystem) and forms the hierarchy GH in Eq. (12) by the application of the fourth systems law from Ropohl [13] .
For the consideration of the action in the context of this paper only the individual action system G is stressed, which forms together with its ambience Γ the situation S (see Fig. 1 ). From the structural perspective, subsystems can be identified which interact in any action. Each action carrier pursue in its action at least one target ZL, which can be identified as informational state attribute ZI in the goal-setting system, that generates normative guidelines for communication and work Ropohl [13] . In this context action is understood as the function f q ∈ F of an action system that intends to transform the initial situation S1 in the final situation S2 according the target ZL ∈ Z. Equation (13) shows that relationship (cf. Ropohl [3] ):
f q : (ZL, S1) → S2 with S2 ZL.
The execution system of the action system performs the transformation of matter and energy. The coordination of that physical work and the communication functions are performed by the information system. There are significant couplings and feedback loops between the subsystems, which can be seen in Fig. 2 that shows the fine structure of an action system. Since the action in the context of development work is the concrete transformation of an input X to an output Y , the result function is considered f r closer. This transformation can now be further broken down in Eq. (14) as a result of partial functions f q • are as Ropohl [3] shows:
A major focus will be placed in this paper on the information system, as the interface for a successful cross-disciplinary cooperation. Starting from the general system definition in Eq. (1) it can therefore be concluded for the information system in Eq. (15) Ropohl [12] :
with α I = {a I j} ; ϕ I = { f I q} ; κ I = ∑ I j ; π I = {p I q} .
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The individual sets of the quadruple can defined as information (attributes a I j), as transformation, storage and transportation of information (functions f I q) as well as parts K j of the information system (information subsystems ∑ I j ) between those informational relationships exist (relations p I q). But this system definition describes initially only the pure information flow of signals. For a detailed definition of information at this point, a brief slide happened on information theory. An information is a character from a character set, which is characterized by the following features: 1. The sign is physical (i. e., material or energetic) event that occurs at a certain frequency or probability, and in relation to other characters (syntactic dimension: characters as signals). 2. The character has a specific meaning that is attributed by convention (semantic dimension: character as data). 3. The character has a specific reference to the behavior of its user (pragmatic dimension: characters as instructions) (cf. Ropohl [12] , p. 118).
This shows that human action system, as part of the above understanding of technology, can be described as an abstract system model that is both technically and socially capable of action.
The proposed information system initially contains only the syntactic dimension. How can it be extended to the other dimensions regarding the information theory?
SEMANTIC WEB
To face the third problem C of cross-disciplinary methodologies this section deals specifically with the modeling of semantic relationships for disciplinary language contrasts in terms of ontology and shows their potential for information integration in the biomimetic development process. "Particularly for solving problems in practice it is indispensable to cope with the confusion between expert languages, and systems theory is a promising candidate for this issue, because it supplies a broad range of expressions" as Ropohl [13] points clearly out. Since the information acquisition, processing, storage and release (see Fig. 2 ) is crucial for the product developer for cross-disciplinary project work, information integration in the action process is stressed for implementation. Therefore the approach of the Semantic Web is stressed to make the information available for processing by machines (see Hitzler [14] ). The W3C standards RDF (S) and OWL (information specification languages) play a fundamental role for the Semantic Web that represents knowledge in the form of ontology. "For appropriate usage, ontology needs to fulfill a further function, namely facilitating the communication between human and the machine referring to terminology specified in the ontology or even for facilitating inter-machine and inter-human communication" as Guarino et al. [15] show. In addition to these functional advantages in the field of communication, this potential should be utilized to overcome disciplinary language barriers in the form of a translation tool (i.e., as a thesaurus).
CONCEPTUALIZATION AND ONTOLOGY
The term ontology can be defined in different ways. A well known describes an ontology as an "explicit specification of a conceptualization" Gruber [16] . A conceptualization is understood as a simplified and abstract view on a domain of interest that is to be described by the ontology. Especially occurring concepts and objects as well as the relations between them are defined, therefore the conceptualization has to be created individually for each given domain of interest, to include the knowledge represented by the ontology thematically. However, since the problem is that two ontologies can use two different vocabularies (e.g. German and English), although they describe the same conceptualization. The multidimensional view on the domain of interest has to be specified further, see Eq. (16) by Guarino et al. [15] :
5
Copyright c 2013 by ASME This means that the conceptualization C can be defined as ordered triple, where R is a set of conceptual relations on den domain space D,W . The result for each possible world w ∈ W is the structure S w C where R w C is the set of extensions (relative to w) of the elements of R. Equation (17) shows that relationship (cf. Guarino et al. [15] ).
If a logical language L is assumed, which has a vocabulary V , the result is a model for L as S, I where S is a world structure D, R according to equation (17) and I is an interpretation function, which defines the elements of the domain world R and the extensional relations D with the elements of the vocabulary V by I : V → D∪R. If we extend the approach now back on the domain space (intensional relations R), we obtain in Eq. (18) the structure of L with the conceptualization C of the intensional function I Guarino et al. [15] :
This relationship can be described as ontological commitment K for the logical language L. Figure 3 clearly illustrates the previ- ously defined relationship between conceptualization and ontology. For the relationship between conceptualization and ontology it has to be added, that ontology is language-specific, while a conceptualization (the abstract view of an domain of interest) is language independent. Thus, the initially mentioned definition is expanded as follows: "An ontology is a logical theory accounting for the intended meaning of a formal vocabulary, i.e. its ontological commitment to a particular conceptualization of the world. The intended models of a logical language using such a vocabulary are constrained by its ontological commitment. An ontology indirectly reflects this commitment (and the underlying conceptualization) by approximating these intended models" (see Guarino [17] , p. 7). It appears that the semantic dimension of information (information theory) can also be expressed by means of the set algebra in the form of ontology. In cross-disciplinary product development this semantic network can also make different scientific subject knowledge accessible for the user (e.g. the engineer biological knowledge) by translating the knowledge through the semantic modeling in the each known pragmatic dimension (information theory).
RESULTS
In this section, the HELI-ACT method is presented as an instance of horizontal and vertical action process and illustrated by a practical example. The left hand side of Fig. 4 shows schematically the flow of the method as a primary helix (vertical circulation) of two action lines (engineering science and biology). The secondary helical structure (horizontal circulation) is implemented by secondary action circles. The right hand side of Fig. 4 shows the process flow of such an action circle that is enhanced by the integration of technical systems and the transfer of knowledge (following Ropohl [3] ). This basic building block of the method will now be explained in more detail. On project level every action has its "start" at the "goal-setting", which is in a given case "Tribological optimization of a technical joint by awareness from analysis of insect joints". This general definition of the main goal then leads to the "planning" of operations, which follows in the integration of technical systems, the "sociotechnical identification" (cf. Ropohl [3] ). This process step deals with the search for technical systems that can support the human activity system for the achievement of the goals. At the highest level of the hierarchy of goal-dominant action (project level) the HELI-ACT method, which need to be implemented as a CAI tool, describes just such technical expertise system, which guides the user to a systematic and methodical course of action and integrates the transfer of knowledge across disciplinary boundaries. Through the tribological direction of the goal-setting of the concrete project, the underlying technical object system can be described by terms of systems theory. The definition of a tribosystem is well known (cf. Czichos [18] ), and may, in accordance Copyright c 2013 by ASME with Eq. (1), (3) and (4) are described as follows:
∑ F = (α, ϕ) with α = {X,Y, Z} and ϕ = { f q} ∑ S = (κ, π) with κ = {k1, k2, k3, k4} and π = {pCM, pRG, pT P} Here, the system attributes X are defined as operating variables, disturbances and effects of dissipation, the attributes of Y as function variables and loss variables, as well as the attributes Z as state variables (see Czichos [18] ). The tribological sys- tem consists of parts κ: Base body k1, counterbody k2, interfacial medium k3 and ambient medium k4 (see Grote and Antonsson [19] ). The relations π between the system parts κ are defined as contact mechanical pCM, roughness pRG and tribological process pT P interactions. In order to define a specific tribological system being analyzed, the parts of the system κ are clarified through their material and shape properties. This causes that the goal-setting system ZLS = ({ZL} , {pz}) is derived as a set of goals ZL and a set of the goal relations pz and thus specifies "planning" of the "start" action circle on project level (structure of the biological sciences and engineering action line). Now in the next step the "action" is started, which represents the entry into the helix (see Fig. 4 ). The single threads of the helix are formed by the three system concepts that are important for the general systems theory. In case of the particular project the hierarchical system analysis causes that the following action circles (work packages) must be passed (see Table 2 ). Previously, the system periphery of the joints (technically and biologically) should be modeled in a kinematic chain, to allocate the influence of disturbances like e.g. vibrations holistically. As an example, the first action circle of the biological action line is described in detail by stressing the knowledge transfer for the work package structure of the joints. The "goal-setting" of the action is determined by the goals {ZL1, ZL2} = {size k 1, size k 2} and provides the geometric properties of the base and counterbody (k1 and k2). "Planning" leads in the next process step to the "sociotechnical identification" of a technical system that supports the user in meeting the goals ZL1 and ZL2. That search shows that a micro-computed tomography scanner (µCT) is a helpful technical system that allows the noninvasive investigation of insects leg joints by X-ray radiation, what is applied in the next process step "action". Figure 5 shows a µCT image (right hand side) of a tibia-tarsal joint of the rose beetle (Pachnoda marginata). On the left hand side you can see the exploded surface model in STL format, which could be obtained by segmenting the image data. These digital models of the joint can then be measured to obtain the geometric characteristics of the base body k1 (tibia) and counterbody k2 (tarsus). To "verify" this system parameter, alternative methods may be tried as including serial sections or laser micro-dissection. The action can be evaluated as "success" as the geometric dimensions were mapped. Now, the "knowledge transfer" process step is explained in detail. For modeling of the semantic network for the tribological optimization of a technical joint by awareness from the investigation of insects joints (conceptualization), the relations between the technical terminology regarding mechanisms VDI guideline 2127 [20] and the biological terminology of entomology regarding beetle leg joints (see Resh [21] ) are modeled by using a controlled vocabulary and linking the objects with concepts of equivalence relations (synonyms), taxonomy (generic terms, narrower terms) and associations (related terms). Figure 6 shows a small section of the semantic network that has been extended. It is generated by 8 Copyright c 2013 by ASME Protégé (developed by the Stanford Center for Biomedical Informatics Research). Accordingly, the tibiotarsal joint can be identified as a spherical joint, which connects the output link (tarsus) with the coupler (tibia). If all action circles have been processed successfully on the two action lines (according to the tribological relevant factors), we return to the action circle back at the project level and proceed to the process step "verifying". It is tested now by the generation of prototypes (e.g., the implementation of micro-structures on the contact surfaces by laser ablation) and the reference measurements on test rigs whether the biomimetic product development was a success. 
CONCLUSION
On example of this short project insight it is clarified that the HELI-ACT method provides the systematic, methodological and information integrative framework for a holistic examination of the tribological system insect joints. The more profit of a biomimetic product development is in the understanding and not copying the natural solution principles and is supported holistically by the HELI-ACT method. The correlations of general systems theory by set algebra and ontology allow the implementation of this method into a powerful CAI tool (computer aided innovation) that highlights the socio-technical division of work between man and machine to the next level. 
